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The time dependent Hartree-Fock  approximation is  used  to study the dynamical formation of 
long-lived superheavy nuclear complexes.  The effects of  long-range Coulomb polarization are treat- 
ed  in  terms of  a classical quadrupole polarization model.  Our calculations show the existence of 
"resonantlike"  structures over a narrow range of  bombarding energies near the Coulomb barrier. 
Calculations of  23%  +  2338U  are presented and the consequences of  these results for supercritical 
positron emission are discussed. 
NUCLEAR  REACTIONS  '38~  + 2382:  coll'  isions  '  as a furictiori of  bombardirig 
energy, in  the  time-dependent Hartree-Fock  approximation.  Superlieavy mole- 
cules and strongly damped collisions. 
I.  INTRODUCTION 
The possible  existence  and  subsequent  properties  and 
decay modes of long lived superheavy nuclei have been ac- 
tively  pursued  for  the  past  15  years.'  Experimental 
searches2 presupposing  their  natural  occurrence in small 
abundances  have  proved  unsuccessful,  and  most  of  the 
current work centers on accelerator based synthesis using 
heavy ion fusion and strongly damped rea~tions.~  The re- 
actions are usually carried out at relatively  high energies 
and place limits on the production cross sections ranging 
from  10-28 cm2 to 10-36 cmZ  depending on the details of 
each  particular  reaction  and on  estimates  for the decay 
time of  the superheavy  ~~ecies.~  Most  of  this work  as- 
sumes the existence  of  stable regions in mass and charge 
ansing through the doubly magic shell closure near Proton 
and neutron  number5-'  Z =  114 and N =  184.   reiner' 
has  also  suggested  that  a  superheavy  nuclear  quasi- 
molecule  might  possibly  be  formed  during  low  energy 
heavy  ion  collisions.  In  contrast  to  superheavy  nuclei, 
these complexes have a separate two-center shell structure 
similar to the projectile and target fragments rather than 
that  corresponding  to the compound nucle~s.~  Thus the 
formation and  decay  properties  for these  structures  are 
more closely related to the dynamics of the reaction rather 
than  the properties  of  the compound system.  As such, 
these structures represent possible probes of heavy ion re- 
actions. 
The formation of  heavy  nuclear  complexes using very 
low energy heavy ion reactions has been  studied by  Arm- 
bruster  et al.  Evaporation  residue  studies of  systems  as 
massive as '24~n  +  94~n-218~h,  for bombarding energies 
at the Coulomb  barrier,  show  strongly enhanced  fusion 
cross section~,'~  as well as the production of element  107 
in the reaction  54~r+209  ~i-~~'107,  '  at the rate of  a  few 
eveiits." 
For collisions of  slow heavy ions, where the composite 
mass is less than that of a superheavy ion, it is generally 
accepted that a quasimolecule of this type is formed dur- 
ing a collision.  Theoretical calculations of Kr and Ca in- 
duced  collisions  using  the time  dependent  Hartree-Fock 
(TDHF) approximation  show  the  formation  of  a  fused 
System at energies near the Coulomb barrier.  In such 
studies the final TDHF  states yield extended matter distri- 
butions  characterized  by  two  centers,  and  having  shell 
structure similar to that of the projectile and target frag- 
ments rather  than those corresponding to the compound 
nucleus.  Experimental  probes  of  such  structures  have 
focused  on the studv of  the atomic Drocesses  associated 
with  the formation and deexcitation  of  the heavy quasi- 
atom.15  Detailed  information  on  the  structure  of  the 
quasiatomic wave functions has been obtained from delta 
electron  ~~ectrosco~~'~  and also from the corresponding 
molecular orbital x rays17 in a variety of systems.  Howev- 
er,  the  complexities  of  the collision  dynamics, collisio~i 
broadening,  nucleus-nucleus bremsstrahlung and inelastic 
photonuclear processes have lead to difficulties in obtain- 
ing  detailed  information  concerning  the nuciear  dynam- 
ics.I8 
Besides these processes,  the rapid time varying  high Z 
Coulomb field gives rise to both induced and spontaneous 
electron positron  pair production from the neutral vacu- 
um.  These nonperturbative mechanisms have been exten- 
sively studied by Greiner and cow~rkers,'~-~~  who suggest 
that they form clear signatures for the nuclear dynamics. 
For systems having a combined charge of  about  173, the 
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inner shell electronic level structure is dominated by  the 
relativistic dynamics, with the accompanying spontaneous 
positron emission and the fomation of a charged vacuum. 
The treatment of the strong electromagnetic forces usually 
proceeds  with  the  assumption  of  adiabatic motion  in  a 
quasimolecular  picture.25  Magnetic  and  retardation  ef- 
fects have been investigated and for the most part can be 
neglected.Ib  The spontaneous  positron  emission  usually 
corresponds  to the decay  of  the  lS,  resonance from the 
negative energy continuum.  The conditions for establish- 
ing the supercritical field occur only whenever the nuclear 
separation  distance  is  less  than  a  critical  distance  Ro, 
which usually happens for times of  10W2I sec or less.  This 
is in contrast to the resonance decay time which is usually 
greater  than  10-l9  sec.  Thus the positron  spectra from 
supercritical collisions are not expected  to differ substan- 
tially from subcritical co~lisions.~~ 
However,  a  clear  Signal  for the supercritical  emission 
occurs  whenever  the nuclear  collision  time is long com- 
pared  to  1oW2I  sec,  thus  leading  to  a  characteristic 
enhancement and structure in the spectrum.  A number of 
measurements  of  the positron  spectrum using  Pb and U 
probes, have been carried out, including total and differen- 
tial  cross  sections.  The bombarding  energy  was  varied 
over  a  range of  energies  near  the Coulomb barrier.  The 
Pb +  Pb as well as the Pb +  U Systems are undercritical as 
quasimolecules  under all  conditions  and exhibit  only  in- 
duced  and  direct positron  emission.  The U + U  system 
can  in  principle  exhibit  overcritical  spontaneous  pair 
creation.  Recent  experimental  measurements  by  Green- 
berg  et ~1.~'  of  U +  U  collisions  at 5.9  MeV per particle 
have observed structure in the emitted positron spectrum. 
They suggest a separation of the quasimolecular positrons 
from the nuclear positron processes, and they See  that the 
peaks in the spectra can be localized to heavy ion trajec- 
tories at specific angles. 
In the present work we investigate the dynamics of the 
U + U collision  at energies  near  the Coulomb barrier  us- 
ing the TDHF approximation.  Our basic motivation is to 
calculate the formation of a long-lived molecular complex 
and estimate the cross section for formation and angular 
focusing of  the nuclear trajectories.  Our calculations em- 
ploy  the finite-range Skyrme I1 and Skyrme I11 interac- 
tions together  with a constant gap BCS pairing  m~del.~' 
The TDHF approximation contains both the single parti- 
cle (shell) as well as the collective degrees of  freedom in a 
semiclassical picture, and allows for the direct calculation 
of  the time evolution  of  heavy  ion  colli~ions.~~  In this 
work we use the axial clutching model, which is approxi- 
mately correct for near head-on c~llisions,~~  and no spin- 
orbit  interaction.  The  omission  of  the  spin-orbit force 
from the Hamiltonian is the most serious drawback of the 
present study, since it leads to incorrect shell structure for 
the 238~  nucle~s.'~ 
The usual method of treating heavy ion collisions in the 
TDHF approximation requires the preparation of  an ini- 
tial static Hartree-Fock  (HF) wave function for each nu- 
cleus which is rotationally invariant and thereby simplifies 
the collisional  dynamics.  However, in our case we consid- 
er the propagation of  intrinsically  deformed  initial  states 
corresponding  to the  ground  and  excited  states of  23R~. 
Thus, besides the usual questions of propagation and inter- 
pretation  of  observables  within  the  TDHF formalism, 
there  are  the  added  questions  and  complexities  of  col- 
lisions between intrinsically deforrned nuclei.  We consider 
only  the propagation of  stable solutions of the static HF 
equations corresponding  to various minima in the collec- 
tive potential  energy surface of  238~.  Previous studies of 
fission  dynamics2'  have investigated the collective poten- 
tial energy surface of 238~  in the static HF  approximation. 
Our  results  for  238~  are qualitatively  similar  and  show 
several stable minima as a function of  quadrupole defor- 
mation corresponding  to isomeric states in  the  238~  SYS- 
tem.  We  treat  the  axially  symmetric  collisions  of 
238~+238~,  oriented along the z axis, as a function of the 
bombarding  energy.  For  energies  corresponding  to the 
measurements of  Greenberg et ,a1.,27  Elab=  1404 MeV, the 
collision of two uranium nuclei in their ground states have 
very  little overlap  at their  distance  of  closest  approach, 
and practically no nuclear time delay.  However, whenever 
the U nuclei  are highly deformed, there can be consider- 
able nuclear  interaction and time delays  on  the order of 
5 X 1oW2I  sec.  The maximum calculated time delay is lim- 
ited by  a ternary fission  breakup  mode.  The asymptotic 
initial  states of  the U + U  scattering are J =O  spherical 
ground  states.  This can be  approximated in the TDHF 
model by doing a spherical HF-BCS approximation to the 
ground  state  of  U, and  using  this  initial  state for  the 
TDHF calculation.  Again, this shows little nuclear delay 
at 1404 MeV.  During the approach in the Coulomb field, 
the  J=O state  of  the  deformed  ground  state  band  is 
Coulomb polanzed and has an amplitude for being vibra- 
tionally Coulomb excited  to the second minimum.  Since 
we  start  the collision  calculation  almost at the touching 
point, in any case, we bypass the excitation process by as- 
suming configurations at given orientations and deforma- 
tions, so as to be able to work with a simple axial TDHF 
representation.  The Coulomb excitation probabilities will 
multiply  our  cross  sections;  these  probabilities  are  not 
computed here since our aim, in this work, is to study the 
amount of nuclear delay once a favorable configuration is 
reached.  A favorable configuration minimizes  the repul- 
sive Coulomb force  while  maximizing the attractive nu- 
clear force.  Jensen and wong3I have shown in the classi- 
cal  limit  for  grazing  trajectories  that  the  dynamical 
Coulomb polarization  mainly  effects the quadrupole and 
octupole moments of the ions.  The major effects arise as a 
quadrupole polarization.  In view  of  the exploratory  na- 
ture of  the present  work, the octupole deformations were 
neglected.  It is doubtful that their inclusion  would  sub- 
stantially alter the present results.  Apart from quadrupole 
polarization  effects, the Coulomb force is  C=~~Z,Z,/R?, 
where R,  is the separation between  centers when  the nu- 
clear densities overlap by  ~50%.  The nuclear force is the 
attractive  surface  bond  created  when  the  two  clusters 
touch.  It is of the order or 20 MeV/fm.  As we shall See, 
even the most favorable configurations yield only a mod- 
est nuclear  delay; a discussion of  how  this could  change 
when spin-orbit effects are included, will be presented. 
In the present study we include BCS pairing in comput- 
ing  the  static  Hartree-Fock  solutions  but  we  freeze  the 
pairing  amplitudes during the time evolution.  Reference 
32 has studied the time dependence of the BCS part of  the 
TDHF dynamics.  They find that the pairing energy varies 
between  -25  MeV  and -  10  MeV  for deeply  inelastic 
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TABLE I.  Parameters of the modified Skyrme interaction. 
Skyrme force  I1  111 
to (MeVfm3)  -  104.49  -334.2930 
Xo  4.01  1.7458 
t, (MeVfm5)  585.60  395.0 
t2 (MeVfm5)  -27.10  -95.0 
t, (MeVfm6)  9331.00  14000.0 
a  (fm)  0.459 79  0.459 79 
V, (MeV)  -444.85  -355.864 
V,  (MeV)  -  863.53  -619.735 
grazing collisions that the variation is less than 3 MeV.  In 
our work  we  have simplified  the dynamical calculations 
by  omitting  this  part  of  the  interaction.  Section  I1 
presents our results for the static properties of  in the 
quadrupole constrained  HF  calculations used  to initialize 
the TDHF dynamics.  Section I11 details the time evolu- 
tion of the various scattering configurations, while Sec. IV 
discusses the results. 
Detailed discussions of the TDHF  method are available 
in the literat~re~~-~~  and will not be presented here.  We 
need  only recall  that the extension  to include a  constant 
gap BCS pairing interaction is ~trai~htforward.~j-~~  Us- 
ing a time-dependent  variational principle38 one obtains a 
foimulation  in  terms  of  the pairing  amplitudes  U*, Vh 
which in the present work are time independent constants. 
Two versions of the modified  Skyrme for~e~'-~~  as given 
in Table I are used. 
11.  INITIAL SOLUTIONS 
The initial TDHF wave function  is taken at two non- 
overlapping static HF  solutions whose centers translate to- 
ward one another along appropriate Coulomb trajectories. 
For spherically symmetric static solutions, the initial state 
is  specified  in  terms  of  the  entrance  channel  angular 
momentum  (or equivalently  the impact  parameters) and 
the bombarding energy.  However, for the collision of two 
deformed  fragments,  the relative  orientation  of  the two 
fragments introduces  five  additional  degrees of  freedom 
(Euler angles) which are needed to specify the initial state. 
As discussed in Secs. I and IV, we restrict ourselves to axi- 
ally symmetric static solutions oriented along the collision 
axis  to obtain  maximum  overlap of  the two fragments. 
Thus, we implicitly  assume that those trajectories having 
the largest overlap will  display the largest loss of kinetic 
energy and the longest time delay. 
The static HF  solutions 4h are obtained as a  special 
class of solutions to the TDHF  equations which have only 
an exponential time dependence of the form 
In the static limit the time dependent single particle Eqs. 
become  a  Set  of  nonlinear equations for the static wave 
functions &,  the real  single particle energies EX,  and the 
expansion coefficients U*,  namely 
~~A=EA#A 
Im{uxJ  =O  ,  (2) 
2  1/2  uA=(l-uh)  , 
For the static HF initial states, these equations are solved 
self-consistently using appropriate iteration methods.  The 
constant gap pairing theory is equivalent to a correspond- 
ing Landau-Zener level  crossing  and since the 
time evolution supresses level  cr~ssin~s,~'  we include the 
BCS pairing  only to determine the initial static HF  wave 
functions.  This means that the occupation numbers  are 
kept  constant  during  the time evolution.  However,  this 
has  the  effect  of  supressing  the dissipation  that  Comes 
from the pairing field.  Collisions in the lab frame between 
a projectile,  mass number Al,  and a target, mass number 
A„ with corresponding static HF solutions #l;l,+h2,  are in- 
itiated by specifying the initial state as 
where R  and R2  are the initial coordinates of the centers 
of  Al  and A2,  respectively,  and for a bombarding energy 
Elab> 
In  constructing  static  HF solutions  for  uranium,  we 
consider a family of axially symmetric solutions as a func- 
tion of the quadrupole deformation q.  These solutions are 
obtained  by  adding  an  external  quadrupole  field  to the 
Hamiltonian so that the energy functional becomes 
The last equation ensures that the total energy of the sys- 
tem is an extremum for the deformation q.  As a function 
of  the deformation, the interplay  between  the shape de- 
grees  of  freedom and the pairing modes plays  a  central 
role in determining the minimum energy. 
We solve both the static HF  and the TDHF equations 
directly  in  coordinate  space  using  the  finite  difference 
techniques reported in Ref. 29, and for the static HF  equa- 
tions, the imaginary time method in Ref. 52.  These equa- 
tions are obtained by discretizing in space and time the en- 
ergy functional.  The Hamiltonian  density  is assumed to 
be symmetnc about the axis joining the centers of the two 
ions, and is  only  a  function  of  two space coordinates, z 
and r, respectively,  the displacement  parallel to the sym- 
metry  axis,  and  the  perpendicular  displacement.  The 
spacetime  discretization  results  in  the  specification  of 
wave functions and Operators on the mesh points r,,z,  at 
a time tj,  as 
with 
The full description of these procedures are given in Refs. 
29 and 52.  Detailed  analysis of  the application of  these 
methods to the study of the 236~  system using the Skyrme 
I1 force were  given  in Ref.  28.  The relevant  points are 
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TABLE 11.  Cornparison of  the static isomer state properties 
of  238U  for two different numerical grids, using Skyrme I11 with 
A=0.71 MeV. 
S  ifm)  10  0 8 
(T)  (MeV)  +4433.4  -F 3998.9 
U.  (MeV)  -  6479.2  -6480.3 
E.  (MeV)  -  2045.8  -  248 1.4 
E„„  (MeV)  -  22.2  -21.9 
(Q20)  (fm2)  +3865.9  +3671.8 
Ro (fm)  6.738  6.367 
principle truncation error is due to the approxirnate treat- 
ment of the kinetic energy  operator  and results  in a  six 
percent error in the total HF energy.  The shape of the de- 
formation energy  curve is stable with respect to both de- 
creases and increases in 6,  with negligible changes in the 
position and relative depth of the minima.  Also, no signi- 
ficant  truncation  errors  occur  for the surface  energy,43 
supporting  the  clairn  that  the  truncation  occurs  as  a 
volume contribution to the kinetic energy, with an overall 
error in the deformation energy curve of about 10%. 
Additional  errors  are introduced by  the truncation  of 
the single particle space needed to solve the BCS pairing 
equations.  In our calculation we  include single particle 
states having energies up to about  + 10 MeV, which yield 
pairing  matrix  elernents  g =O.  13, and  0.17 MeV  corre- 
sponding to gaps of S  =  0.7  1 and 2.0 MeV.  Realistic resi- 
dual rnatrix elements range between 0.0 and 0.4 MeV in 
the uraniurn region depending on the basis and the effec- 
tive interaction employed.53,54 
In Table I1 we compare the bulk properties of the static 
HF solutions for 238~  using the Skyrme I1 and the Skyrme 
I11 forces with a pairing gap of  A=0.71 MeV.  Two dif- 
ferent values of the mesh spacing, 6=  1.0 frn and 6=0.80 
fm are compared with N, X N, =  24  X 40 points.  The stat- 
ic properties of uranium are approximately independent of 
the force, the largest  difference occurring for the higher 
moments of the mass density and indicating that the ma- 
jor  difference between  the two interactions occurs in the 
surface.  The binding energy  difference  between  the two 
meshes  seems to arise from the difference in the kinetic 
energy terms, and is less than 10%  as reported in the ear- 
lier  work.  The  similarities  of  the  deformation  energy 
curves for both  of  these  forces was  reported for the in- 
duced fission of '''U. 
The deformation  energy  curve for the Skyrme I11  in- 
teraction is shown in Fig.  1 for two values of the pairing 
gap, A  =0.71 MeV and A  =2.0 MeV, as a function of the 
mass quadrupole moment.  Our results are essentially  the 
same as those obtained in Ref. 43. The deformation scal- 
ing parameter qo  is defined as 
where R =7.189 fm is the approxirnate strong interaction 
radius of uranium.  The solutions in Fig.  1 are generated 
using an iteration procedure in which the solutions at q are 
used as an initial guess for the solutions at q +Sq. Our in- 
itial wave function guesses for the static HF  procedure are 
FIG. 1.  The static HF energy of  deformation E,-EI„  as  a 
function  of  the  quadrupole  moment  q  calculated  with  the 
Skyrme 111  force and with  A=0.71  MeV  (solid line), and with 
A=2.0 MeV (dashed line); go  is defined in the text. 
obtained from deformed harmonic oscillator  states.  The 
restriction  to axial symmetry for large deforrnations is a 
serious  approxirnation  and  leads  to unphysical enhance- 
rnents in the fissioii barriersS5 However, we are interested 
in the solution near q =  1. logo,  which is a stable solution 
of  the unconstrained  (C  =O)  static HF  equations.  The 
lowest energy solution (not shown in Fig. 1) is more than a 
factor of 25 less prolate than the intrinsic empirical defor- 
mation, a result of the suppression of the spin-orbit part of 
the interaction.  Note that the occupation nurnbers  are 
constant in time.  These are shown for neutrons in Fig. 2 
as  a  function  of  the single  particle  energies  for thc 
isomeric state having q =  1. 10qb and calculated  using the 
Skyrrne I11 force with 6=0.71  MeV. 
111.  TIME EVOLUTION 
We perfomed head-on  (I  =  0  )  syrnmetric collisions of 
two ground state uranium nuclei.  At the bombarding en- 
"X  (MeV) 
FIG. 2.  The neutron occupation numbers as a function of the 
HF single particle energy for the isomer state with q/qo= 1.10, 
calculated with the Skyrme I11 force and A  =O.  7  1 MeV. STRAYER, CUSSOW, STOECKER, MARUHN, AND GREPNER 
TABLE 111.  Comparison of  the static ground and isomer state properties of  238U  for the interactions 
studied. 
-PP 
Skyrtne force 
I1  I1  111  III 
h  (MeV) 
0.71  2.0  0.71  2.0 
Ground  state 
EO  (MeV)  -2107.8  -2154.0  -  2050.0  -2106.1 
(Q~o)  (fm2)  --37.8  +213.0  +343.5  +  347.3 
Ro (fm)  5.690  5.694  5.753  5.762 
E„„  (MeV)  -  15.4  -93.4  -21.1  -  118.0 
Isomer  state 
E.  (MeV)  -  2099.1  -  2146.3  -2045.8  -2106.9 
(QzO)  (fm2)  +2171.6  t2019.8  +3865.9  t3879.1 
Ro (fm)  6.114  6.077  6.738  6.748 
E„„  (MeV)  -  15.6  -  101.2  -  22.2  -  124.2 
ergy  near  the  Greenberg  positron  measurements  -Elab 
=  1404 MeV, the TDHF  trajectories correspond closely to 
classical  Coulomb trajectones of  two pvint  charges, with 
no appreciable time delay.  These cases are not discussed 
further  here.  There are other  possibilities  to provide  a 
time delay  at this energy.  These involve the collisions  of 
strongly  deformed  configurations.  For example,  in  col- 
lisions of  light ~~stems,~~,~'  long-lived molecular configu- 
rations are studied by considering the TDHF  collisions of 
ground  and  isomeric  states  of  12c. These  collisions 
display many of the properties  associated with the quasi- 
molecular phenomena, and, in particular, the long interac- 
tion times characteristic of resonant structures.  We note 
also that molecular structures were found in TDHF  calcu- 
lations of  Kr +  La collisions  with lifetimes of more than 
10~~'  ~ec.'~'~  In the uranium system the isometric states 
are well established and could act as doorways to niolecu- 
lar  structures  in  the  U +  U  collision.  Accordingly  we 
have investigated  the collision of aligned isomer states of 
uranium (U* for a range of bombarding energies, for both 
Skyrme  I1 and  Skyrme  I11 interactions  (see Table  111). 
The collision  time  for  the U* +U*  head-on  collision  is 
shown in  Fig. 3  as a function of  the bombarding energy. 
The  maximum  time  for  which  the  system  remains 
coalesced  is  less  than  1200 fm/c,  e.g., about 4.OX 10-*' 
sec.  This is obtained with the Skyrme 111 force and a pair- 
irig  gap of 0.71 MeV.  Figure 4 shows the delay time for 
the Kr + Pb, for comparison.  A  much longer delay time 
is observed.  We note that there is a difference in the evo- 
lution between the two forces, as can be Seen by comparing 
the  final  state  matter  distributions  in  Figs.  5  for 
EI„= 1404 MeV.  Figures  5  show  tbe  equidensity  con- 
tours in the collision plane at various times during the col- 
lision, for Skyrme I1 [Fig. 5(a)] and for Skyrme I11 [Fig. 
5(b)].  The evolution with force I1 leads to a two-body fi- 
nal state, as do the trajectories in Figs. 3 and 4.  However, 
force I11 at this energy, generates a much longer time evo- 
lution and the systeni  eventually comes  apart into three 
separate fragments  [Fig. 5(b)].  Ternary  fission processes 
have not been  extensively studied experimentally and it is 
not  known  how  important they  are in the uranium  col- 
lision.  These are symmetric  collisions  between  identical 
nuclei,  and the final state must also have this symmetry. 
The mass of each of the smaller fragments in Fig. 5ib) is 
about 100 U,  so that the central fragment of the final state 
Ras a mass comparable to that of uianium.  Both the time 
30  I  I  ---T-  l 
FIG. 3.  The time delay T as a fuiiction of the laboratory bom-  E,~~(K~@'~)(M~v) 
barding energy for head-on symmetric coliisions of  two isonieric 
uranium, using the Skyrmc II force.  FIG. 4.  Same as Fig. 3 for the collision of  nbKr+208~b, ...  TIME-DEPENDENT HARTREE-FOCK STUDIES OF SUPERHEAVY 
FIG. 5.  (a) Density contours for the U + U isomers head-on 
collision  at  1404  MeV  and  for  Skyrme  11.  The  solid  line 
represents  approximately  the  10% density  contour, while  the 
dashed  line  Stands  for  the  approximate  half-density  contour. 
Binary fission is observed  after only a modest delay time.  The 
times indicated are in uiiits of  10F2'  sec.  (b) Same as (a)  but for 
Skyrme 111.  Ternary fission is observed instead of binary fission. 
Note that the times for the first plot in (a)  and (b)  are different. 
scale and energy loss of these reactions is corisistent  with 
TDHF  descriptions of deep inelastic processes in this mass 
~~ion.~' 
As a comparison we have also studied ehe ground state 
collisions  of  86~r  +  '08pb  at energies  near  the Coulomb 
barrier.  The collision time is given in Fig. 4 as a function 
of the lab energy.  Again we are considering only 1 =0 tra- 
jectones.  The  long  time  delay  which  occurs  20  MeV 
above  the  Coulomb  barrier  (Eldb=464  MeV)  shows  a 
structure characteristic of the molecular configurations re- 
FIG. 6.  Equidensity  contours in  the  reaction  plane  for the 
collision of 85Kr  +  208Pb. 
ported  in Ref.  13.  The density  contours in the collision 
plane are given as a function of time in Fig. 6 for this re- 
action.  Investigation of other Systems indicate that the oc- 
currence of  these  stmctures  are linked  to details of the 
particular shell structure and the behavior of the interac- 
tion  in the nuclear  surface.  We retum to this matter in 
the discussion. 
For non-head-on  collisions,  the axial symmetry condi- 
tion  leads  to  further  approximations  to  the  nuclear 
dynamics.  Nevertheless, collisions can be carried with a 
reasonable degree of certainty for the energy loss and final 
scattering angle of the outgoing fragments, as long as the 
bombarding energy is not too large.  The final kinetic en- 
ergies  and  scattering  angles  for  the  Ehb=1404  MeV 
W +W collision are shown in Fig. 7 as a function of the 
angular momentum  I.  The extended aligned prolate con- 
figuration of the isomeric uranium yields a forward angu- 
lar  focusing  of  the final  fragments as  well  as a  sharp 
FIG. 7.  Outgoing fragment kinetic energies and scattering an- 
gle~  in the c.m. frame and time delays  as a function of the en- 
trance  channel  angular momentum for the symmetric collision 
of two uranium isomers. STRAYER, CUSSON, STOECKER, MARUHN, AND GREINER  -  28 
I  (X 10-"  sec) 
FIG.  8.  The  charge  quadrupole  moment  for  the  isomeric 
uranium system as a function time, together with the fractional 
deviation in  q for two point nuclei moving on equivalent trajec- 
tories. 
structure in the nuclear time delay function. 
Calculations  of  the positron  emission  spectrum  have 
generally  been  carried  out  assuming  a  time  dependent 
monopole charge distribution for the nuclear fie~d.~~  Esti- 
mates2'  have indicated that nuclear  quadrupole contribu- 
tions to the electric field can significantly broaden the pos- 
itron distribution.  In Fig. 8 the total nuclear charge quad- 
rupole moment  is  given  as a  function  of  time,  together 
with the fractional deviation  of  the quadrupole moment 
from that obtained with point nuclei  moving on the same 
trajectories.  One sees that the internal excitations of  the 
uranium lead to modifications of about 30% at most.  The 
large moment of the coalesced system arises in part from 
the large intnnsic moment of the uranium isomers. 
IV.  DISCUSSION AND SUMMARY 
We have found that it is not possible to obtain an appre- 
ciable  nuclear  time  delay  in  the  reaction  U + U  at 
Elab  =  1404 MeV unless we assume that one or both urani- 
um nuclei are excited into configurations with large defor- 
mations, the isomeric  states.  The probability  that urani- 
um will  undergo this transition is governed by  Coulomb 
excitation processes.  In the most favorable circumstance, 
the isomer excitation probability is of the order of 10-~  to 
10W2.  The positron emission data is not inconsistent with 
such  small  excitation  probabilities,  and  reliable  calcula- 
tions of this transition probability are needed before more 
definite conclusions are drawn.  However it is known that 
nuclear  delay times of about  10Wz0 to 10-l9  sec are re- 
quired in order to explain the observed width of the posi- 
tron  distributions, whereas the maximum time  delay  in 
our calculations is less than 4.OX 10W2' sec, about an or- 
der of magnitude too small.  We shall now discuss in some 
detail the possible reasons for this result. 
First, long time delays at bombarding energies near the 
Coulomb barrier are indeed possible,  as illustrated in the 
86~r  +  208Pb calculation described  earlier.  The Coulomb 
repulsion  for Kr +  Pb is  much smaller than for U +  U. 
One can develop a quantitative comparison of  the effects 
of  the Coulomb  repulsion  and the nuclear  attraction  by 
writing  the following  estimates.  The Coulomb force be- 
tween two charges Z1  and Z2  whose centers are separated 
by Ru  is 
For Kr + Pb at the strong interaction radius R  =  15.4 
fm, F,  is about  19.4 MeV/fm.  In order for the system to 
remain together this force must be less than the attractive 
nuclear  surface interaction.  This is  estimated  by  noting 
that the gain in potential energy in letting the surfaces of 
the two nuclei  come  together  is  about  35  MeV,  which 
occurs over a distance of about  1.5 fm.  Thus F„  the nu- 
clear surface force, is about 23 MeV.  In the Kr +  Pb case, 
the nuclear  attraction  dominates the Coulomb  repulsion 
and  we  see  a  loiig-lived  resonance  near  the  top  of  the 
Coulomb barrier.  We have exarnined other cases near the 
Coulomb barrier, in particular,  '42~d+142~d  (824 MeV), 
'"~d+  '54~d  (738-781  MeV),  Is4srn+  '54~m  (755-893 
MeV),  Ihh~r+  Ih6Er (880-974  MeV),  and  lX6w  +  Is6w 
(1042-1  135 MeV).  This represents  a range of Coulomb 
forces, at the strong absorption radius, of 22 MeV/fm  to 
29  MeV/fm.  These are all  stronger  than  the Coulomb 
force of Kr +  Pb, and in all of these cases no barrier reso- 
nance is found.  This suggests that the limit for the forma- 
tion  of  the  resonance  is  a  Coulomb  force  of  about  20 
MeV/fm.  The actual value will  vary from nucleus to nu- 
cleus because shell structure will affect the nuclear attrac- 
tion.  In particular, one can expect an additional 3-4  MeV 
of attraction in the most favorable cases.  The present cal- 
culation  with  the  uranium  isomer  does  not  have  the 
correct shell  structure since it lacks  the spin-orbit  force, 
and does not give a long lived resonance at energies near 
the Coulomb barner.  These isomeric states are strongly 
deformed and yield a Coulomb force F,  at the strong ab- 
sorption radius, F,~22  MeV/fm.  In order for this system 
to form a long lived molecule, we would need an addition- 
al surface attraction force of some 2-3  MeV/fm,  which 
would have to come from the neglected spin orbit interac- 
tion. 
The occurrence of three-body breakup in our calculation 
is another reason for the short lifetime of the compound 
nucleus.  It is known that shell effects will strongiy affect 
the barriers  for such  decay  channels.  Since we  do not 
have the correct shell and spin-orbit effects, it is possible 
that our three-body decay mode is spurious.  The absence 
of such a mode could increase our observed  lifetime con- 
siderably, so that our conclusion regarding the U +  U nu- 
clear  delay  time is  once more made uncertain by  a  sub- 
stantial factor, possibly as much as a factor of  10. 
We note that the excitation energy in the compound sys- 
tem  can be  quite small  at energies  near  the top of  the 
Coulomb barrier.  This is due in Part to the formation of a 
neck  during the collision,  and is usually accompanied by 
strong octupole deformations of  one or both  fragments. 
This effect can be enhanced whenever the fragments have 
a  high  octupole  polarizability,  as  is  the  case  with  the 
uranium  ground and isomeric states, and several isotopes 
in other regions of  the Periodic Table, such as in the Ni 28  TIME-DEPENDENT HARTREE-FOCK STUDIES OF  SUPERHEAVY . . .  235 
region.  We also note that the lower the excitation energy 
after neck formation the more important is the shell struc- 
ture and the more favorable are the chances to increase (or 
decrease) the surface attraction with the help of shell fluc- 
tuations.  Calculations of  TDHF reactions  including the 
spin-orbit  force are currently underway and may lead to 
the long lived U +  U compound system rieeded to explain 
the positron emission data.  As a preliminary step to the 
dynamical  calculation  one  could  perform  static  con- 
strained HF calculations for the composite U +  U system. 
In particular, it should be possible to look for local mini- 
ma in the deformation energy  surface, for shapes similar 
to the ones observed here.  It is not even necessary  that 
these be absolute minima in all the possible collective de- 
grees  of  freedom.  It suffices  that, for those  degrees of 
freedom  where we have  only  a  saddle point,  the corre- 
sponding inertia parameter  (m-')  be  small.  This is the 
point at which TDHF needs to be done, since it is quite 
difficult  to do reliable mass parameter calculations using 
constrained HF techniques. 
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